The purpose of this study was to investigate the effects on shear bond strength to resin after pure titanium (Ti) was exposed to plasma under different kinds of gas atmosphere.
INTRODUCTION
In clinical dental practice, bonding operations are inevitable.
In particular, the success of any clinical dental treatment or laboratory technique hinges on the bonding between a metal and resin. In cementation of metal restorations and orthodontic brackets, a bonding failure brings about secondary caries, coloring and breakage of the tooth. In acrylic resin veneered crowns and metal denture plates, a bonding failure brings about breakage, coloring, discoloration and decomposition of the resin.
To improve the adhesive properties between metal and resin, various methods have been examined. They were namely: improvement of metallic composition1) , surface treatment method (e.g., high-temperature oxidation method2'3) , Sn electrolytic deposition method4) , primer method5-7) , silicoater technique8) , and alkaline treatment9) ) , and the use of adhesive resin10-13) . When adhesive resin cement is used in dental practice, the suppression of its adhesive properties is an important concern. This is because it is difficult to remove resin cement from the occlusal surface in metal inlays and from the outside of marginal parts in metal crowns after cementation.
In particular, residual cement in marginal parts of metal crowns may lead to periodontal disease.
Plasma treatment has been utilized to improve the adhesive and printing qualities. This is because it can clean the surface of a material and provide a functional group on the surface without changing the property of the bulk14,15) Plasma exposure has already been applied in many studies such as surface treatment of impression16,17) , improvement in wettability of acrylic resin18) , surface treatment of implant19) , and sterilization of dental apparatus such as handpieces20) in dental practice. Commercially pure titanium ingot (Titanium 100, Shofu Co., Kyoto, Japan) was used in this study. Two kinds of specimen were cut from the titanium ingot: disks (28-mm diameter X 5-mm thickness) and plates (7 X 7 X 3 mm) . Each pure titanium specimen was ground with # 1000 waterproof abrasive paper, washed twice (five minutes each) by distilled water with an ultrasonic cleaner, then 10 minutes in 95% ethanol followed by another 10 minutes in acetone with the ultrasonic cleaner, before being finally dried in air. The polished and cleaned titanium specimens were surface-treated in gas atmospheres of air, CO2, and C3F8 using a plasma exposure apparatus (Plasma Jet, Corotec Co., Farmington, CT, USA) . This apparatus operated at 10 kV, 60 mA, and 60 Hz by the corona plasma method, which made it possible to generate plasma in air. The plasma exposure conditions were as follows: distance between sample and electrode was 20 mm; traverse speed of sample was 5 mm/sec; and exposure was carried out for 1.5 round trips.
After which, samples were stored in a desiccator with silica gel until surface analysis was carried out.
Surface analysis 1 . Measurement of surface free energy Three kinds of liquid -water, tetrabromoethane, and diiodomethane -were used with contact angle meter (FACE CA-X, Kyowa Kaimen Kagaku Co. Ltd., Saitama, Japan)
to measure contact angle in order to determine the surface free energy ( r s) of disks (28- First of all, 0.3 kc L of each liquid was dropped onto the sample and the contact angle was measured 10 seconds later.
Next, the adhesion energy between liquid and titanium (WSL) was calculated by substituting the items in Young-Dupre's equation (1) WSL was also expressed as follows by equation (2) :
In extended Fowkes' equation (3) below, r sd, y sp, and y Sh are respectively the dispersion component, dipole component, and hydrogen bond component of the surface free energy of solid titanium: r s=rsd+rsp+rsh As a result, the three components of surface free energy were obtained by calculating the simultaneous ternary linear equations substituted with the contact angle between each liquid and titanium. 2 . XPS analysis Before and after plasma exposure, the surface of titanium plates (7 X 7 X 3 mm) was analyzed with a fully automatic X-ray photoelectron spectroscopic instrument (XPS-7000, Rigaku Co., Takatsuki, Japan) 22)
Measurement was done using Mg K a x-rays under the conditions of 10 mA and 10 kV. As for analysis, it was done by sputtering the surface of the samples with Ar, and thereby assigning the spectrum with values of Ti2+, Ti3+, and Ti4+ -which were obtained by Sayers et al.23) -based on the energy of titanium metal (TiMET) . Moreover, to calibrate the detection sensitivity of the apparatus, measurement of standard sample (Ag) was carried out before and after the measurement of titanium samples.
Shear bond strength Pure titanium rods (16-mm diameter X 11-mm length) were used as samples in the adhesion test. They were ground and washed under the same conditions as mentioned above. Each sample was also exposed to plasma under the same conditions as mentioned above. It was then bonded to a stainless steel piece (4-mm diameter X 4-mm length) with resin through a hole (3.15-mm diameter) in an adhesive tape (54-,um thickness) 24) .
The bonding surface of the stainless steel piece used for the bonding test was ground with # 1000 waterproof abrasive paper, sandblasted with alumina particles (mean diameter of 50 u m) , and then washed twice in distilled water using a supersonic cleaner (five minutes each) . Finally, it was air-dried after ultrasonic cleaning with 95 % ethanol and acetone (10 minutes each) . For adhesion test set-up, titanium sample was bonded to stainless steel piece with adhesive resin, and then applied with a load of 500 gf for 30 minutes. Table 1 shows the different types of resin and primer used in the bonding test. For CTR, the Unifast Trad liquid was used without any adhesive monomer.
But for 4M, MT, HM, and PR, each mixing liquid included 4-META, MAC-10, HEMA, and VBATDT + MDP respectively.
All adhesive resin pastes were prepared by mixing Unifast Trad powder with each liquid at a ratio of 1.6 : 1 by weight. Moreover, for PR, the titanium sample -after plasma exposure -was coated with primer before affixing the tape.
All bonding samples were stored in distilled water at 37C for 24 hours according to ISO recommendation (TR11405, Type 1: Short term test) 25) After which, shearing adhesion test was done at a cross-head speed of 0.5 mm/sec26) using a compact desktop testing machine (EZ test, Shimadzu Co., Kyoto, Japan) . Seven test pieces were used for each condition.
Statistical analysis of the experimental results was done using one-way analysis of variance (ANOVA) . Fisher PLSD multiple comparison test was used pairwise, which recognized a significant difference. Significance level was set at p < 0.05. Table 2 shows the ys values of pure titanium samples measured immediately after plasma exposure in various gas atmospheres.
The ys value of the sample exposed to plasma in CO2 (CO2-Ti) showed a similar increase comparable to that in air (Air-Ti) . Increase in these ys values was attributed to increase in the ys h and y sp components.
On the other hand, when plasma exposure was done in C3F8 gas atmosphere (C3F8-Ti) , the ysh and ysp components mainly decreased. As a result, the y s value was lower than in the case without plasma treatment (Ti) . Table 3 shows the results of XPS analysis.
. XPS analysis
The value in parentheses in the table expresses the binding energy (eV) of a peak obtained after peak isolation in the narrow scanning spectrum27) . In the narrow scanning spectrum of Air-Ti exposed to plasma, almost no changes in Ti 2p, O 1s, and C 1s Table 2 The surface free energy of titanium surface just after plasma treatment under different gas atmospheres were observed when compared with Ti. For C3F8-Ti, the area ratio of O 1s peak decreased and the presence of F 1s and two Ti4+ peaks was detected. These two Ti4+ peaks were due to TiF4 (with high binding energy) and TiO2 (with low binding energy) .
Shear bond strength of resin to pure titanium Fig. 1 shows the bond strength of each resin to pure titaniumwhich was exposed to plasma in various gas atmospheres. Sample with alphabet letter "b" or "c" in the figure indicates that the sample has a significant difference when compared with "a" sample without plasma exposure (Ti) . The bond strengths of Air-Ti and CO2-Ti samples, when bonded with 4M and MT, increased significantly compared to the case of Ti. On the other hand, the bond strength decreased significantly for C3F8-Ti when bonded with CTR, 4M, MT, HM, and PRas compared with the case of Ti. Almost samples indicated interfacial failure between resin and titanium.
However, samples bonded with PR, except for C3F8-Ti, indicated a mixture of cohesive and interfacial failures. 
DISCUSSION
The surface free energy of Air-Ti and CO2-Ti yielded a higher value than that of Ti because of a remarkable increase in ysh and ysP components ( Table 2 ) . It was thought that increase in ysh and ysP components depended on the extent the titanium surface was cleaned by plasma exposure.
However, XPS results showed that Air-Ti had almost no change in area ratios of Ti 2p, C 1s, and 0 1s when compared with Ti (Table 3) . XPS analysis of CO2-Ti was not done since there was barely any difference between Air-Ti and CO2-Ti in FTIR analysis (FTIR results are not shown in this paper) . This inconsistency between surface free energy and XPS analysis could be due to the contamination of titanium surface by hydrocarbon during storagewhich took place before XPS measurement.
Even in our preliminary experiment, one-day storage after plasma exposure brought about decrease in surface free energychiefly due to decrease in ysh and ysP components.
On the other hand, the surface free energy of C3F8-Ti yielded a lower value than that of Ti because of a decrease in ysh and the ysP components. This decrease in ysh and ysP components was considered to be due to the formation of hydrophobic fluoride (TiF4) on the surface.
This was because in XPS analysis of C3F8-Ti, the presence of Ti4+ (TiF4) peak was detected, as well as decrease in Ti4+ (TiO2) and O 1 s peaks and increase in F is (Table 3 ) . It was reported that pure titanium reacted with fluorine28) , which exists in small amount in air, and formed fluoride.
Therefore, pure titanium is considered to have a high reactivity with fluorine.
When bonded with 4M and MT resins, the bond strength of Air-Ti and CO2-Ti samples increased significantly as compared to that of Ti. On the other hand, when bonded with 4M and MT resins too, the bond strength of C3F8-Ti samples decreased significantly as compared to that of Ti (Fig. 1) . SEM observations showed that there were no differences among Ti, Air-Ti, CO2-Ti, and C3F8-Ti samples, and that the surface roughness (Ra) of each sample was about 0.17 um. In other words, plasma exposure did not affect the geometric feature of titanium surface. Therefore, it was considered that improvement in bond strength did not depend on mechanical anchor Table 4 The correlation coefficient (r) between surface free energy and shear bond strength of titanium to different kinds of bonding sample effect. The correlation coefficient (r) between the bonding strength of pure titanium and rs and its three components are shown in Table 4 . An extremely high correlation between bond strength and surface free energy (except for rsd component) was found in both 4M (which included 4-META as monomer, and monomer included -CO -o -OC -group) and MT (which included MAC-10 as monomer, and monomer included -COOH group) samples. This suggested that the high bond strength of Air-Ti and CO2 -Ti when bonded with 4M and MT (Table 4) was caused by increase in rsh and rs components -and thereby related to cleaning by plasma treatment. The increase in bond strength, when glow discharge plasma treatment was used, was also explained by its cleaning of f ect29) . For HM (which included HEMA as monomer)
and PR (which included VBATDT and MDP as monomers) samples, there was only slight increase in bond strength with Air-Ti and CO2 -Ti. HEMA, a weaker adhesive to metal, brought about almost no change in bond strength.
Since VBATDT and MDP were stronger adhesive monomers with metal than 4-META and MAC-10 respectively, the effect of plasma treatment on bond strength was overshadowed.
The bonding strength of C3F8-Ti decreased significantly compared to that of Ti. This could be attributed to decrease in Tio2, rsh, and rsP -which came about due to formation of hydrophobic TiF4 on titanium surface.
CONCLUSION
After exposure to plasma in air or in CO2 gas atmosphere, the bond strength of pure titanium to adhesive resin with a carboxy group ( -COOH) or an acid anhydride group ( -CO -o -OC -) was of a higher value than that of untreated Ti. On the other hand, after plasma exposure in C3F8 gas atmosphere, the bond strength of pure titanium to each adhesive resin was lower than that of untreated Ti. Based on these results, it was understood that plasma exposure in a particular gas atmosphere could regulate the bond strength of titanium surface to resin, thus making it a useful surface treatment method for cementing metal restorations in dental clinics. 
